In the present study the topographical distri bution of the intrinsic nerve plexuses of the basal cerebral arteries in humans was quantified and the relation be tween vessel diameter and nerve density was investi gated. Whole-mount preparations of various segments of the basal cerebral arteries from middle-aged patients were
stained for protein gene product (PGP) 9.5. The deep nerve plexuses, located at the adventitial-medial border, were quantified by image analysis. Confocal scanning la ser microscopy was used to study nerve plexuses throughout the adventitia. Transverse cryostat sections were stained for PGP 9.5, tyrosine hydroxylase and neu ro f ilament, and quantified. The results showed a three layered configuration of the adventitial nerves. Measure ments on whole-mounts demonstrated that nerve densi ties were highest in the posterior communicating artery (PCom), and next highest in the proximal parts of the posterior cerebral artery (PC A) and anterior choroidal ar tery. There appeared to be no clear relation between
In the past few decades, knowledge of the nerve supply to the major cerebral arteries in various an imals has increased markedly. The perivascular nerves have been classified as sympathetic, para-nerve density and vessel diameter. The measurements on sections confirmed the high nerve densities in the PCom and PCA. Tyrosine hydroxylase-and neurofilament immunoreactivities appeared to demonstrate separate subpopulations of the overall nerve plexuses, represent ing sympathetic and, possibly, sensory fibers, respec tively. Densities of both subgroups generally followed those of PGP 9.S-immunoreactive nerves. Transmission electron microscopy suggested motor function of the deep nerve plexuses. The results indicate a stronger neu ronal influence on this part of the cerebral circulation than hitherto reported. It is concluded that human basal cerebral arteries display a topographical distribution of deep perivascular nerves, and that nerve density is deter mined by locality rather than by vascular diameter. Key Words: Human cerebrovascular nerves-Cerebral arter ies-Protein gene product (PGP) 9.S-Whole-mount prep arations-Image analysis. sy mpathetic, and sensory , with each group being characterized by particular neurotransmitters (Ed vinsson et aI. , 1987a) . The functions of cerebrovas cular nerves, however, have not yet been com pletely elucidated. First, there is continuing contro versy about the role of the cerebrovascular innervation in the regulation of CBF. It has become clear that it is the pial arteries that are mainly in volved in the cerebral autoregulation (see for re view Gotoh and Tanaka, 1988) and that there is a well-defined role for sympathetic nerves in shifting the limits of autoregulation to higher pressure levels during hypertension (Heistad and Marcus, 1979; MacKenzie et aI. , 1979; Edvinsson, 1982) . The role of sympathetic nerves during the plateau phase of autoregulation is probably minor (Edvinsson et aI. , 1993) . Studies on the regulation of CBF have fo cused on the role of the pial arteries, and, more recently , the importance of the internal carotid and vertebral arteries in this respect has been empha sized (Mchedlishvili, 1986; Faraci and Heistad, 1990) . Considerably less attention, however, has been paid to the neuronal regulation of the basal cerebral arteries (circle of Willis and major branches), despite the fact that the anastomoses in this part of the cerebral circulation can compensate for flow disturbances. Second, there is evidence that sy mpathetic nerves exert a trophic influence on the arteries during development (Bevan, 1984) and maturity (Dimitriadou et aI., 1988) , whilst in matu rity the blood vessels provide trophic support for their innervating neurons which may decline in old age (Gavazzi et aI., 1992; Cowen, 1993; Gavazzi and Cowen, 1993) . Third, there is much debate about the involvement of cerebrovascular nerves in vascular pain syndromes, e.g., migraine and cluster headache (Moskowitz, 1984; Edvinsson, 1991; Hardebo, 1991a Hardebo, , 1991b Olesen, 1991) .
Investigations in humans have been scarce so far, probably due to technical reasons. Perivascular nerve fibers containing noradrenaline, acetylcholin esterase (AChE), serotonin, and neuropeptides have been demonstrated (Edvinsson et aI., 1976; Uddman et aI., 1981; Edvinsson and Uddman, 1982; Akiguchi et all, 1983; Griffith and Burnstock, 1983; Allen et aI., 1984; Edvinsson and Ekman, 1984; Ed vinsson et aI., 1986; Chertok et aI., 1987; Edvinsson et aI., 1987b Edvinsson et aI., , 1987c Jansen et aI., 1992; Edvinsson et aI., 1994) . Quantitative studies, based on the morphology (i.e., counting nerve fibers) of the peri vascular nerves in the basal cerebral arteries, are few in number. They are limited to data from human fetuses and lack a detailed survey of all parts of the circle of Willis and major branches (Kawamura et aI., 1991; Kawamura and Takebayashi, 1994) . Fur thermore, these reports do not investigate and dis tinguish between specific parts of the nerve plex uses, e.g., fibers of passage or terminal fibers.
A basic step in revealing the mechanisms of neu ronal regulation in human basal cerebral arteries is to provide a detailed description of the nerve fibers in these arteries, based on quantitative data. Con sidering the variation in arterial diameters at the base of the human brain, it is of interest to investi gate the relationship between vessel diameter and nerve density as well. Therefore, the aim of the present study was to quantify the topographical dis tribution of the overall nerve fiber population sup plying arteries at the base of the human brain, and to investigate the relationship between vessel diam eter and nerve density. According to various au thors (Borodulya and Pletchkova, 1976; Nakakita et aI., 1983) , nerves around and in the walls of arteries can be classified into several layers, the innermost of which is located at the border between the tunica adventitia and media, and transversely oriented. It is this innermost plexus that is supposed to be func tionally important because of the close neuromus cular relationship and the occurrence of varicosities (Nelson and Rennels, 1970; Nielsen et aI., 1971; Burnstock, 1975) . For this reason, the present study focuses on the deep, intrinsic nerve plexuses. These have been immunohistochemically stained for the general neural marker protein gene product (PGP) 9.5 (Thompson et aI., 1983; Gulbenkian et aI., 1987; Wang et aI., 1990; Cowen and Thrasivoulou, 1990) in whole-mount preparations and quantified using computerized image analysis (Cowen et aI., 1986; Cowen and Thrasivoulou, 1992) . Care was taken to establish an optimal procedure for whole-mount im munohistochemistry on human arteries. In order to obtain some understanding of subpopulations of ad ventitial nerves, transverse sections of some of the arteries were stained for PGP 9.5, tyrosine hy drox ylase (TH) and neurofilament (NF) , and the adven titial nerves quantified. Additional morphologic in formation was provided by confocal scanning laser microscopy and transmission electron microscopy (TEM) .
The quantitative data of cerebrovascular nerves in humans obtained thus far are a conditio sine qua non for further investigations concerning, for in stance, age changes and changes caused by disease.
MATERIALS AND METHODS

Human tissues
Eleven sets of human major cerebral arteries, obtained from postmortems, were processed. With the exception of a fetal specimen (32 weeks gestational age), the pa tients' ages ranged from 24 to 54 years. Relevant details of the specimens are listed in Table I . The specimens were fixed by immersion in 4% paraformaldehyde in phosphate-buffered saline (PBS) at 4°C for 15-24 h. Two specimens were fixed for a shorter period ( Table I) . Sub sequently the specimens were rinsed and stored in PBS containing 15% sucrose at 4°C. Six of the IO middle-aged specimens (ages 32-52 years) were used for whole-mount immunohistochemistry, 3 of them for confocal scanning laser microscopy, four of them for immunohistochemistry on sections and two of them for TEM ( Table I) . The vessels used for TEM were differently fixed (see TEM section). The fetal specimen was only studied using whole-mount preparations.
Whole-mount preparations
From each set of arteries, 22 segments with a length of 4-5 mm were taken (Fig. I) . The anterior communicating artery (ACorn) was short and therefore taken entire. The presence of atherosclerotic plaques was noted. Relative measures of the vessel diameters were obtained by the method described by Hillen (1986) . Subsequently the seg- ments were cut open in a longitudinal direction and mounted on pieces of Sylgard 184 (BDH Chemicals, Poole, England) with entomology needles. To improve the penetration of the antibodies, a pretreatment by var ious steps of freezing and thawing and incubation with 0.12S% trypsin type III (Sigma, St. Louis, MO, U.S.A.), in Hanks solution, for IS min at room temperature (RT), was performed. If trypsin treatment resulted in poor staining, tested on additional segments beforehand, it was omitted for the particular specimen. The effect of trypsin treatment is listed in Table I . The final part of the pre treatment consisted of manually performed delamination. Under the dissecting microscope the outer zone of the tunica adventitia, including the paravascular nerves, the tunica intima, and most of the tunica media were carefully removed. Immunohistochemistry was performed by the indirect method, at RT. The specimens were washed in Hepes buffer containing 0.1 % Triton X-IOO for 40 min utes, followed by pre-incubation in S% swine serum in HEPES buffer for 90 min. Subsequently the specimens were incubated for 40 h (2 nights) in anti-POP 9.S anti bodies (Ultraclone Ltd., Isle of Wight, England) diluted I :400 in HEPES buffer, containing I % swine serum, 0.1 % Triton X-lOO, and 0.1% DL lysine. After washing in PBS, the specimens were incubated in fluorescein isothiocy anate (FITC)-conjugated swine-anti-rabbit antiserum (Dakopatts, Olostrup, Denmark) diluted 1: 40 in PBS, containing 1% swine serum, 0.1% Triton X-IOO, and 0.1% DL lysine, for 90 min. The specimens were washed in PBS, stained with O.OS% pontamine sky blue in PBS, and 1% dimethylsulfoxide (DMSO) for IS min, to. reduce background autofluorescence (Cowen et al., 1985) , and washed again in PBS. The vessels were mounted as stretch preparations on mica in antifade mountant (Citif luor, London, England).
POP 9.S-like immunoreactivity was quantified by es tablished methods of image analysis (Cowen et al., 1986; Cowen and Thrasivoulou, 1992) . Recognition of the deep plexus was aided by the transverse orientation of its nerves, which were, in addition, the deepest nerves ob servable when focusing through the tunica adventitia. An image of the nerve plexus was taken into the image ana- 1996 lyzer. Images were subject to background subtraction, standard image enhancement, and thresholding routines. The resulting binary image of the nerve plexus was mea sured automatically using the following parameters: area percent (percentage of measuring frame covered by spe cific fluorescence), which measured the total number of nerve fibers; intercept density/millimeter (lD/mm; num ber of nerve bundles per millimeter), which assessed numbers of nerve bundles; and angle (the angles of the nerve bundles with the transverse axis). Of every vessel three areas were measured at random. The mean values were used for statistical analysis. To estimate the scatter of the measurements, on one vessel 10 x 3 additional measurements were made. The data were analyzed by analysis of variance (AN OVA) , t tests. and computation of Pearson's correlation coefficients.
The results of ID/millimeters could be underestima tions of the true values, resulting from coorientation of the transverse direction of the nerves in the deep plexus with the pixel lines across which ID was measured (Co wen et al., 1982) . Data on the orientation of the plexus were therefore required to assess this information.
Confocal scanning laser microscopy was performed on additional whole-mount preparations of middle cerebral artery (MCA) and posterior communicating artery (PCom), partially delaminated (only the intima and part of the media were removed) and stained for POP 9.S, using a Bio-Rad MRC 600 microscope fitted with a krypton argon laser. Successive 4-f.lm optical sections of the ad ventitial nerves were taken in by the confocal microscope using a 20x objective and stored on optical disc, creating files that were then used to generate images from different depths of the adventitial nerve plexuses.
Sections
Selected vessels from three sets of arteries were used for sections. These vessels included the A2 segment, MCA, P2 segment, and PCom ( Fig. 1 for abbreviations) . Eight-micron sections were cut in a cryostat. The immu nohistochemical staining procedure was as described for whole-mount preparations. Primary antibodies and dilu tions were: anti-POP 9.S 1:800, anti-TH (Eugene Tech International Inc, Ramsey, NJ, U.S.A.) 1: 100, anti-NF (R39), I: 1 ,000, and anti-NF (RT97), 1 :50. Secondary an tibodies and dilutions were: FITC-conjugated sheep anti-mouse (Dakopatts) 1 :80 for RT97, and FITC conjugated swine-anti-rabbit 1 :80 for all other primary antibodies. Pontamine sky blue staining was carried out without DMSO for 5 min. The sections were mounted in antifade mountant.
For each marker, except for RT97 , specific fluores cence was quantified in randomly selected fields as be fore. Because it was difficult to quantify selectively those nerves at the adventitial-medial border, we quantified the specific fluorescence in the whole adventitial thickness. Large paravascular nerve bundles were excluded from the measurements. The following parameters were mea sured: field area (the area of specific fluorescence); length of the adventitial-medial border along which the field area was measured; thickness of the adventitia. With these parameters an estimation of the area percent could be computed. This measure corrected for differences in thickness of the arterial wall, because a thick adventitia could produce a high field area, irrespective of the density of the deep nerve plexus. Three fields were measured for each vessel. The mean values were used for comparisons. TEM P2 segments and PCom were taken from two sets of freshly dissected arteries after minimum postmortem de lay (12 h) and prepared for TEM. These vessels were fixed by overnight immersion in 1 % paraformaldehyde and 2% glutaraldehyde in piperazine-N,N' -bis(2-ethane sulfonic acid) (PIPES) buffer (pH 7.6). Specimens were washed in PIPES buffer containing 2% sucrose, postfixed for 1-2 h in osmic acid and embedded in Araldite resin. Ultrathin sections were cut, stained in lead citrate and uranyl acetate, and visualized in a Philips 200 TEM.
RESULTS
Whole-mount preparations
Visual assessment. The method described for whole-mount preparations resulted in good staining quality in many cases, characterized by a well defined, transversely oriented deep plexus. Not only deep plexuses, but also superficial plexuses were visible, depending on the degree of adventitial delamination. The superficial plexus formed a meshwork. In specimens that were used in the ear lier experiments for establishing the staining proce dure and that had not been delaminated, a three layered plexus of nerves could be seen by focusing through the adventitia: (a) large longitudinally ar ranged nerve bundles, outside the adventitia; (b) a superficial plexus with large meshes within the ad ventitia; and (c) a deep, transversely oriented, plexus at the adventitial-medial border. Figure 2 shows some of the staining results of the middle aged specimens. The transversely oriented nerves of the deep plexus were usually of a fine caliber and medium density . However, in contrast, the deep plexus of the PCom consisted of very thick, dense bundles of nerve fibers with varicosities ( Fig. 2c ). The anterior choroidal artery (ChA) contained not only a dense deep plexus, but also many longitudi nally oriented, superficial nerve bundles ( Fig. 2f ).
Confocal microscopy showed two principal lay ers of nerves within the adventitia of the PCom and MCA (Fig. 3) . In some vessels, superficial nerve bundles were relatively sparse and connected via a few branches with a dense, deep terminal plexus.
Staining results of the fetal specimens are shown in Fig. 4 . Two plexuses were clearly visible: an ex tremely regular meshwork-like superficial plexus and a transversely oriented deep plexus of fine fi bers and of low density, containing few varicos ities.
Image analysis. Middle aged specimens: The re sults of image analysis measurements from the few vessels that contained atherosclerotic plaques were well within the range of data from vessels without plaques. Hence, we included the sclerotic vessels in the statistical analy sis. Left-right differences in area percent and ID/millimeter were tested by t tests. There appeared to be no significant differ ences. For this reason, left and right arteries (if present) were put together. Comparison of the trypsin-and nontrypsin-treated subgroups, tested by t tests for the individual arteries, revealed no significant differences. Figure 5 shows the mean values for area percent for the 13 arteries. Nerve density, expressed as area percent, was highest in the PCom (10. 21 ± 3. 51, mean ± SD) and next high- Vol. 16, No. 5, 1996 est in the P2 segment (8. 81 ± 2. 86), PI segment (8. 53 ± 1. 57), and ChA (8. 48 ± 1. 16). The number of nerve bundles, expressed as ID/millimeter, was highest in the PCom (56.69 ± 13. 54) and next high est in the ChA (48. 12 ± 5. 68), PI segment (46. 96 ± 11. 21), and P2 segment (4 4.39 ± 13. 14). ANOV A (randomized block design, p < 0. 0001) and Fischer Fischer' s Protected Least Significant Difference tests (95% significance level), demonstrated that nerve densities, expressed as both parameters, were significantly higher in the PCom, P2 and PI segments, and ChA than in most other arteries. The randomized block design (factors were arteries and patients) corrected for variability between patients. A high correlation between area percent and 101 millimeter was found for all arteries taken together (r = 0.82, n = 85, p < 0.0(01), as well as for the indi vidual arteries. The dispersion of the measurements, determined by II x 3 measurements on one segment (10.66 ± 0.85, mean ± SO), justified the conclusion that three measurements per segment were sufficient to obtain reliable measurements of nerve density . Vessels were rejected when less than three fields with well-defined nerves could be measured.
The material investigated does not allow reliable comparison between the sexes, but considering the results of the individual measurements, there is no indication of significant differences in nerve density between male and female specimens.
Correlation coefficients between vessel diameter and both parameters for nerve density (area percent and 10/millimeter) were computed for the individ ual arteries. They varied considerably and were generally low. None of them was significant (i.e. , p < 0.05), showing a lack of correlation between ves sel diameter and nerve density. The results from the angle measurements demon strated that most nerve bundles were in the range from -10 to 10°, in agreement with a transversely oriented nerve plexus. There was however, some variation in the orientation of the nerve bundles, but no major differences between vessels.
Fetal specimen: The data obtained from the fetal specimen are listed in Table 2 . The values were well below those from the middle-aged group.
Sections
Visual assessment. Figure 6 shows representa tive staining results. Nerve staining by each anti- body was observed in all arteries investigated. The PGP 9.5 staining was intense and showed nerves throughout the adventitia. At the adventitial-medial border the nerves were often oriented in a trans verse direction. In the PCom these nerves were of a large caliber. Cross sections through nerves outside the adventitia indicated a longitudinal arrangement. The TH staining was less intense than PGP 9.5. However, nerves could again be seen throughout the adventitia, including at the adventitial-medial border. NF staining by R39 was bright and similarly distributed. In contrast, nerve fibers stained by RT97 were located only in paravascular nerve bun dles. Image analysis. The number of sections quanti- fied was too low to perform statistics. However, the results confirm the measurements of high nerve densities in the PCom and P2 segment made on whole-mounts of these specimens. Furthermore, re sults suggest that TH-and R39-positive nerves con stitute subpopulations of PGP 9.5 stained nerve plexuses.
TEM. The sections of PCom and P2 segments studied by TEM revealed a remarkable density of terminal nerve fibers. Close neuromuscular rela tionships (200-250 nm) and the presence of several varicosities containing neuronal vesicles suggested an important functional role for these nerves (Fig.  7) . Some small granular vesicles were observed, in dicating the presence of aminergic neurotransmit ters in some varicosities.
DISCUSSION
Methodological considerations
In establishing a reproducible immunohistochem ical staining procedure that would allow measure ment of nerve densities in whole-mount prepara tions, we tried to solve problems that are commonly encountered in processing human material. Post mortem delay generally was <24 h. However, the two specimens with prolonged delay s (72 and 96 h) produced excellent staining results. The marker PGP 9. 5 in particular appears to be resistant to long postmortem delays. The penetration of antibodies was good, perhaps aided by some autolysis. Be cause of the range of sources for our specimens, it was not possible to experiment extensively with fix atives and fixation times. Our standard fixation, 4% paraformaldehyde for \5-24 h via immersion, was reliable. Specimens that had been fixed for a shorter period, however, also gave good results.
It seems that the most important factor for suc cessful staining is enhancement of the penetration of antibodies. The combination of freezing and thawing, trypsin treatment, and manually per formed delamination enabled antibodies to reach the deep nerve plexus. The superficial delamination of the adventitia, and the removal of the highly autotluorescent media and intima proved to be very important to obtain a measurable preparation be cause of the resulting decrease in background stain ing. Comparison of try psin-and nontry psin-treated J Cereh Blood Flow Me/ah, Vol. 16, No.5, 1996 segments of the same specimen revealed that trypsin treatment improved the penetration, with out impairment of nerve staining. However, nerve plexuses in some specimens proved not to be resis tant to trypsin treatment. Omitting the trypsin step in processing these specimens did not seem to in tluence the results of the measurements, as is shown by comparing the trypsin-and nontrypsin treated groups. Morphologic changes have been de scribed in aging arteries (Ravens, 1978; Toda et at., \980) . We speculate that these changes, gradually appearing during middle age in varying extents, may explain why some specimens needed trypsin treatment, whereas others appeared to stain well without the treatment.
The staining on sections produced no particular methodological problems, although background could be high sometimes, especially in the older specimens. Prolonging incubation to 40 h gave some improvement in the staining quality. Interpreting the results on sections is more difficult than on whole-mount preparations for several reasons. Measurements were done at random: When a par ticular section was just between two transversely oriented nerve bundles, the measured value could be relatively low. In addition, TH-like immunore activity was difficult to quantify sometimes because of the faintness of the staining, particularly in fine fibers. It has been demonstrated that R39-positive nerve fibers are of an exclusive sensory origin in the rat iris (Seiger et aI. , 1984) and in human skin (Dalsgaard et a\. , 1984; Bj orklund et a\. , 1986) . It is therefore possible, but not certain, that R39immunoreactivity demonstrates sensory nerves in human cerebral blood vessels. The dependence of current image analysis procedures on stain intensity makes it difficult to make accurate comparisons be tween different nerve populations stained with dif ferent markers.
The interpretation of staining by RT97 is difficult. RT97 recognizes the phosphorylated form of the high molecular mass neurofilament subunit (NF-H). Phosphorylation is believed to be a stepwise pro cess, and it has been suggested that RT97 recog nizes a high degree of NF-H phosphory lation (Nixon et a!. , 1994) . The same authors demon strated that in the optic nerve in mice the occur rence of RT97 immunoreactivity coincides with ex pansion of axon caliber and the site where myelina tion begins. Considering our results, it is therefore possible, but not certain, that RT97 immunoreactiv ity , which was only found in para vascular nerve bundles, demonstrates large my elinated axons. Otherwise, the only conclusion is that the phos phorylation state of NF-H is different between those nerve fibers stained by RT97 and those that were unstained, with possibly a high degree of phosphorylation in the RT97-positive fibers.
Morphology of the nerve plexuses. The results on whole-mounts (including confocal scanning laser microscopy) and sections suggest the following ar rangement of nerves around and in the walls of hu man cerebral arteries: (a) paravascular nerve bun dles of passage, longitudinally arranged outside the tunica adventitia; (b) a meshwork-like superficial perivascular plexus in the outer or middle zone of the adventitia; and (c) a deep, intrinsic perivascular plexus, located at the adventitial-medial border and transversely oriented. This arrangement is to a large extent in accordance with the arrangements de scribed by several authors for animals, although some differences occur. Most authors mention a two-lay ered arrangement: periadventitial nerves and an adventitial meshwork for adrenergic nerves in rat (l way ama et a!. , 1970); large longitudinal nerves in the outer zone of the adventitia and peri vascular nerves reaching the adventitia-medial bor der for AChE-positive nerves in monkey (Denn and Stone, 1976 ) ; a superficial meshwork-like or longi-tudinally arranged plexus and a deep circular plexus for AChE-positive nerves in dog (Boroduly a and Pletchkova, 1976 ) ; and superficial longitudinal nerves and a deep circular plexus for adrenergic and AChE-positive nerves in rat (Kobay ashi et a!. , 1981a). The most complete descriptions were by Nakakita et a\. (1983) . These authors described a three-layered configuration in the rat that closely resembles the configuration observed by us in hu mans, except for the fact that they ascribed the out ermost lay er of longitudinal nerves to the outermost zone of the adventitia.
During the development of an AChE staining method for identifying peripheral connections of ce rebrovascular nerves (Bleys et aI. , 1994) , we also applied this technique to whole-mount preparations of adult human cerebral arteries. In the peripheral nervous sy stem, AChE is present not only in cholinergic but in most neurons, and can therefore be considered as a general neural marker. The preparations confirmed the three-layered configura tion of nerves as currently described for PGP 9. 5 staining (Fig. 8) .
Care has to be taken with the interpretation of our results on the fetal arteries, because they represent a single specimen at 32 weeks' gestational age. A meshwork-like superficial plexus and a transversely oriented deep plexus were observed. Edvinsson et al. (1976 ) , however, only described a two dimensional meshwork-like plexus in the adventi tia, superimposed on the muscular media and large para vascular nerves for adrenergic and AChE positive fibers in human fetuses at 19-23 weeks' gestational age. The plexus described by Edvinsson et al. (1976) corresponds to the superficial plexus that we found in the fetal specimen. In contrast, a recent developmental study of perivascular nerves of the basilar artery in human fetuses (I 2-28 weeks' gestational age) recognized circular and longitudinal fibers, with full development at 20 weeks for adren ergic and AChE-positive fibers and at 24 weeks for neuropeptide Yand vasoactive intestinal polypep tide-positive fibers (Kawamura and Takabayashi, 1994) . The method of quantification used by these authors, however, did not distinguish between cir cular and longitudinal fibers, nor were specimens older than 28 weeks' gestational age studied. Low densities of deep perivascular nerves in comparison with middle-aged specimens, as observed by us, are in line with the descriptions made for developing perivascular nerves in the rabbit (Cowen et aI., 1982) and guinea-pig (Dhall et aI., 1986) , which demonstrated peri-and postnatal development for adrenergic plexuses. Because Kobay ashi et al.
(l981b) demonstrated that in mice the development of circular nerve fibers occurs even after birth, it seems likely , however, that the development of ce rebrovascular nerves in humans starts in an earlier stage of gestation than in laboratory animals. The presence of a deep, transversely oriented nerve plexus with some varicosities in the human fetus suggests that cerebrovascular innervation of hu mans functions in the prenatal stage and justifies a more detailed investigation of development of hu man cerebrovascular nerves.
Functional considerations. The main findings from the quantitative data are that human basal ce rebral arteries display differences in topographical distribution of the intrinsic nerve plexuses, with the highest nerve densities found in PCom, P2 segment, PI segment, and ChA, and that there is no clear relation between nerve density and arterial diame ter. Hence, it appears that nerve density of arteries at the base of the human brain is determined by locality rather than by vessel diameter. This is best illustrated by the high nerve densities that were consistently found in the PCom and the PI segment, whereas the diameters of these arteries vary and tend to follow a reciprocal relationship (Hillen, 1986) .
To our knowledge, the only quantitative studies based on the morphology of perivascular nerves in the human basal cerebral arteries were performed on fetuses at 12-28 weeks' gestational age (Kawa mura et aI., 1991) . Highest densities of various nerve populations, stained for noradrenaline, AChE, neuropeptide Y, and vasoactive intestinal polypeptide, were found in the anterior cerebral ar tery, followed by the MCA and basilar artery . How ever, superficial and deep nerves were not distin-guished. Because, in addition, no mention was made of data from the PCom and posterior cerebral arteries, it is not possible to make a comparison between our results and those reported. Edvinsson et al. (1987 c) found relatively high concentrations of neuropeptides by radioimmuno assay in the walls of aged human posterior cerebral artery and PCom. However, because the peptide levels were determined by radioimmunoassay, they do not select the functionally important deep levels of nerve plexuses. Therefore, the peptide levels do not contradict our results, nor do they contribute to the information of deep nerve plexuses.
Our results do not demonstrate significant differ ences in nerve densities between arteries belonging to the internal carotid system and arteries of the vertebrobasilar system, as is indicated by various authors (Edvinsson, 1975; Kobayashi et aI., 1981; Itakura et aI., 1984; Dhital et aI., 1988) . This dis crepancy can be due to differences in species, al though the difference was found in human fetuses as well (Kawamura et aI., 1991) . There are, how ever, differences in field of interest and methodol ogy . We only quantified the deep nerve plexuses at the adventitial-medial border using a general neural marker, whereas other authors assessed superficial and deep nerves of subpopulations of nerves, often in a semiquantitative way , using subjective methods to determine nerve densities. A recent study , using PGP 9.5 staining in some adult human cerebral ar teries, suggested that the anterior vessels at the base of the brain receive a denser nerve supply than posterior vessels do (Edvinsson et aI., 1994) . How ever, quantification of the nerve plexuses was not performed, and because measures to improve the penetration of the antibodies only included preincu bation with Triton X-IOO, it is not clear whether all deep nerve fibers were visualized.
The high nerve densities observed at the adven titial-medial border in the PCom and the P2 seg ment suggest a stronger neuronal influence on this part of the cerebral circulation than hitherto re ported. We have to be careful in speculating about the functional implications of the results for the fol lowing reasons. First, our quantitative data refer to the overall nerve popUlation; we have no reliable data on subpopulations of nerves, which are neces sary to gain more insight into function. Second, we are not sure whether high nerve densities indicate a functionally more important vascular innervation, although it has been demonstrated that the innerva tion is considerably richer in those areas of the ce rebral arterial system that have been ascribed a role in the regulation of CBF, such as bifurcation sphincters in the pial arterial system (Baramidze et aI. , 1981) and the intracranial segment of the ICA (Borodulya and Pletchkova, 1973) . With these res ervations, we propose the following hypotheses.
Considering the PCom, this artery is important for the hemodynamic balance between the internal carotid and vertebrobasilar circulations. This can be interpreted in two ways: The artery can act as a regulator or as a sensor between the two systems. A third possibility is that it combines both functions. The sections demonstrate that part of the nerves are aminergic, and thus possibly of a sympathetic ori gin. The close neuromuscular relationship and the presence of vesicles, including small granular ones, as observed by electronmicroscopy, is highly sug gestive of motor function. Data by Edvinsson et al. (1994) suggest that the majority of the perivascular nerves in human cerebral arteries are sympathetic.
The high nerve density in the P2 segment, in con trast to other major efferent arteries such as the A2 segment and the MCA, could reflect greater fluctu ations in the metabolic need of the vascular terri tory of this segment (e.g. , visual cortex) in compar ison to other vascular territories of the brain. This would implicate a regulatory role for the autonomic nerve supply to this major cerebral artery as well.
In the ChA not only a dense deep nerve plexus was observed, but also many superficial, longitudi nally, oriented nerve bundles, probably on their way to more distal parts of the artery, were seen. From the whole-mounts it was difficult to assess their position in the adventitia. Although in other arteries superficial nerves were also observed, their number and thickness in the ChA was striking. They may reflect the neuronal role in the produc tion of cerebrospinal fluid (Edvinsson, 1982) .
In conclusion, human basal cerebral arteries dis play a topographical distribution of deep perivascu lar nerves, irrespective of arterial diameter. The high nerve densities and dense, vesicle-containing varicosities in the PCom and the P2 segment sug gest involvement in the regulation of the cerebral circulation. The mechanisms by which these peri vascular nerves influence circulation remain un clear. 
